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A b s t r a c t  
The m a t r i x  s w i t c h  i s  a c r i t i c a l  e l e m e n t  o f  
commun ica t i ons  s a t e l l i t e s  e m p l o y i n g  m u l t i p l e  beam 
a n t e n n a s  and o n - b o a r d ' s w i t c h i n g .  Two p r o o f - o f -  
c o n c e p t  mode ls  o f  a m ic rowave  m a t r i x  s w i t c h  have 
been d e v e l o p e d  under  NASA-sponsored c o n t r a c t s .  
These s w i t c h e s  have undergone  e x t e n s i v e  t e s t i n g  a t  
NASA Lew is  Research  C e n t e r  t o  d e t e r m i n e  t h e i r  o p e r -  
a t i n g  c h a r a c t e r i s t i c s  i n  a s y s t e m  e n v i r o n m e n t .  The 
r e s u l t s  o f  t h e s e  t e s t s  i n d i c a t e  t h e  e f f e c t  o f  t h e  
m a t r i x  s w i t c h  o n  t h e  o v e r a l l  sys tem o p e r a t i o n .  
I n t r o d u c t i o n  
Commun ica t i ons  s a t e l l i t e  d e s i g n s  a r e  b e g i n n i n g  
t o  emp loy  m u l t i p l e  beam a n t e n n a s  and on -board  
s w i t c h i n g  to  i n c r e a s e  t h e  e f f i c i e n c y  and r e d u c e  t h e  
c o s t  o f  c o m m u n i c a t i o n s  sys tems .  A c r i t i c a l  e l e m e n t  
o f  such a s y s t e m  i s  t h e  s a t e l l i t e  m a t r i x  s w i t c h .  
These s w i t c h e s  a r e  r e q u i r e d  t o  p r o v i d e  f a s t  s w i t c h -  
i n g  speeds and adequa te  i s o l a t i o n  be tween  c r o s s -  
p o i n t s  w h i l e  c o n t r i b u t i n g  v e r y  l i t t l e  d e g r a d a t i o n  
t o  t h e  s i g n a l s  b e i n g  t r a n s m i t t e d  t h r o u g h  t h e  
sys  tem. 
p r o o f - o f - c o n c e p t  (POC) s a t e l l i t e  m i c r o w a v e  m a t r i x  
s w i t c h e s ,  one  b u i l t  b y  G e n e r a l  E l e c t r i c  Company 
(GE), V a l l e y  Fo rge ,  PA, and  t h e  o t h e r  b y  F o r d  
Aerospace  and Commun ica t i ons  C o r p o r a t i o n ,  P a l o  
Alto, CA. An e x t e n s i v e  i n - h o u s e  t e s t i n g  p r o g r a m  a t  
NASA L e w i s  has e s t a b l i s h e d  m o s t  o f  t h e  o p e r a t i n g  
c h a r a c t e r i s t i c s  o f  t h e s e  s w i t c h e s ,  w i t h  t h e  r e s u l t s  
p r e v i o u s l y  r e p o r t e d . ]  Th rough  a second  s e r i e s  o f  
t e s t s  a t  NASA L e w i s ,  t h e  s i g n a l  d e g r a d a t i o n  r e s u l t -  
i n g  f r o m  t r a n s m i s s i o n  through t h e  m a t r i x  s w i t c h e s ,  
and  i n  p a r t i c u l a r ,  t h e  p e r f o r m a n c e  v a r i a t i o n  o f  a 
s a t e l l i t e  commun ica t i ons  s y s t e m  as d i f f e r e n t  m a t r i x  
s w i t c h  c r o s s p o i n t s  a r e  used ,  has been measured .  
T h i s  p a p e r  p r e s e n t s  and d i s c u s s e s  t h e  r e s u l t s  o f  
t h o s e  measurements.  
NASA L e w i s  s p o n s o r e d  t h e  d e v e l o p m e n t  o f  two 
POC M a t r i x  S w i t c h  D e s c r i p t i o n  
The m a t r i x  s w i t c h e s  were d e s i g n e d  t o  have 20 
i n p u t s  and 20 o u t p u t s .  I n  o r d e r  t o  r e d u c e  t h e  c o s t  
o f  t h e  POC m o d e l s ,  o n l y  a p o r t i o n  o f  t h e  a v a i l a b l e  
400 c r o s s p o i n t s  were p o p u l a t e d  w i t h  s w i t c h i n g  e l e -  
m e n t s .  The GE s w i t c h  c o n t a i n e d  61 a c t i v e  c r o s s -  
p o i n t s  and t h e  F o r d  s w i t c h  c o n t a i n e d  6 5  a c t i v e  
c r o s s p o i n t s .  
B o t h  c o n t r a c t o r s  chose  a c o u p l e d  c r o s s b a r  
a r c h i t e c t u r e  fo r  t h e i r  POC mode ls . *13  
a d i a g r a m  o f  t h i s  a r c h i t e c t u r e .  The i n p u t  and  o u t -  
p u t  t r a n s m i s s i o n  l i n e s  a r e  c o u p l e d  t o  each  o t h e r  
t h r o u g h  a s w i t c h i n g  e l e m e n t  ( d e s c r i b e d  b e l o w ) .  
W i t h  t h e  s w i t c h  open,  t h e  i n p u t  and  o u t p u t  l i n e s  
a r e  i s o l a t e d .  W i t h  t h e  s w i t c h  c l o s e d ,  t h e  i n p u t  
and  o u t p u t  l i n e s  a r e  c o n n e c t e d  w i t h  r o u g h l y  20 dE 
o f  i n s e r t i o n  l o s s .  The mos t  s i g n i f i c a n t  d i f f e r -  
ences be tween  t h e  d e s i g n  approaches  o f  t h e  two con- 
t r a c t o r s  were t h e  v a l u e s  o f  t h e  c o u p l i n g  c o e f f i c i -  
e n t s  used  i n  t h e  c o u p l e d  c r o s s b a r  d e s i g n  and t h e  
p a c k a g i n g .  F o r  t h e  GE s w i t c h ,  t h e  c o e f f i c i e n t s  
F i g u r e  1 i s  
were chosen t o  be 15 dB for  a l l  c r o s s p o i n t s .  w h i l e  
i n  t h e  F o r d  s w i t c h  t h e  c o u p l i n g  c o e f f i c i e n t s  were 
i n c r e a s e d  fo r  c r o s s p o i n t s  f a r t h e r  from t h e  RF i n p u t  
to  m i n i m i z e  t h e  i n s e r t i o n  l o s s  v a r i a t i o n  be tween  
c r o s s p o i n t s .  
F i g s .  2 and 3 .  F i g u r e  2 ( a )  shows t h e  d i s t r i b u t i o n  
o f  c r o s s p o i n t s  for t h e  F o r d  s w i t c h .  I n  t h e  p h o t o -  
g r a p h  o f  t h e  F o r d  s w i t c h  ( F i g .  2 ( b ) )  t h e  a r r a n g e -  
ment  o f  c r o s s p o i n t s  i n  t h e  t o p  c h a s s i s  can  be seen .  
The GE s w i t c h  c r o s s p o i n t  d i s t r i b u t i o n  ( F i g .  3 ( b ) )  
c o n t a i n s  f i v e  i n p u t  co lumns ,  two o f  w h i c h  a r e  con- 
n e c t e d  to  a l l  20 o u t p u t s .  I n  F i g .  3 ( b ) ,  s e v e r a l  o f  
t h e s e  co lumns a r e  v i s i b l e .  I n  b o t h  p h o t o g r a p h s ,  
t h e  d i g i t a l  s w i t c h  c o n t r o l  u n i t s  a r e  v i s i b l e  as 
t h e  v e r t i c a l  c h a s s i s  a t  t h e  r e a r  o f  t h e  RF s w i t c h  
c h a s s i s .  
shown i n  F i g s .  4 ( a )  and 5 ( a ) .  B o t h  c o n t r a c t o r s  
used  a t w o - s t a g e  d u a l - g a t e  GaAsFET c o n f i g u r a t i o n  
w i t h  a p p r o p r i a t e  i n p u t ,  o u t p u t ,  and i n t e r s t a g e  
m a t c h i n g  n e t w o r k s .  F a s t  s w i t c h i n g  b i p o l a r  t r a n s i s -  
t o r s  were used  t o  d r i v e  t h e  GaAsFETs. F i g u r e s  4 ( b )  
and 5 ( b )  a r e  p h o t o g r a p h s  o f  t h e  F o r d  and GE s w i t c h -  
i n g  e l e m e n t s ,  r e s p e c t i v e l y .  
c o n t r a c t o r s  was impedance m a t c h i n g  p r o b l e m s  o c c u r -  
r i n g  a t  t h e  i n p u t  and o u t p u t  o f  t h e  s w i t c h i n g  
e l e m e n t s .  These m ismatches  r e s u l t e d  i n  l a r g e  
a m p l i t u d e  r i p p l e  ( v e r s u s  f r e q u e n c y ) .  GE's  a p p r o a c h  
to t h i s  p r o b l e m  was t o  n a r r o w  t h e  s w i t c h  o p e r a t i n g  
b a n d w l d t h  f r o m  t h e  d e s i g n  g o a l  o f  2 .5  GHz t o  t h e  
c o n t r a c t  minimum o f  1 GHz i n  o r d e r  i m p r o v e  t h e  p e r -  
f o r m a n c e  of  t h e  m a t c h i n g  n e t w o r k s .  I n  t h e  F o r d  
d e s i g n ,  t h e  l i n e  l e n g t h s  between t h e  s w i t c h i n g  e l e -  
ments were v a r i e d  t o  t u n e  o u t  t h e  a m p l i t u d e  r i p p l e  
w h i l e  m a i n t a i n i n g  t h e  2 . 5  GHz b a n d w i d t h .  
The d i f f e r e n t  p a c k a g i n g  approaches  a r e  seen i n  
B l o c k  d i a g r a m s  o f  t h e  s w i t c h  e l e m e n t s  a r e  
The g r e a t e s t  d i f f i c u l t y  e n c o u n t e r e d  by  b o t h  
M a t r i x  S w i t c h  CW P e r f o r m a n c e  
. E x t e n s i v e  t e s t i n g  o f  b o t h  m a t r i x  s w i t c h e s  
o c c u r r e d  a t  NASA Lew is  upon d e l i v e r y  o f  t h e  POC 
u n i t s .  Among t h e  i m p o r t a n t  p a r a m e t e r s  t e s t e d  were 
b a n d w i d t h ,  i n s e r t i o n  loss, bandpass a m p l i t u d e  r i p -  
p l e ,  i n p u t  and o u t p u t  VSWR, i s o l a t i o n ,  and s w i t c h -  
i n g  speed.  These t e s t s  were c o n d u c t e d  o n  a l l  o f  
t h e  a c t i v e  c r o s s p o i n t s  for b o t h  m a t r i x  s w i t c h e s ,  
w i t h  t h e  r e s u l t s  summar ized i n  T a b l e  I .  
One o f  t h e  c r i t i c a l  p e r f o r m a n c e  p a r a m e t e r s  o f  
a m a t r i x  s w i t c h  i s  t h e  i s o l a t i o n  be tween  i n p u t  and 
o u t p u t  p o r t s  when t h e  c r o s s p o i n t  i s  open .  Poor 
i s o l a t i o n  degrades  t h e  sys tem p e r f o r m a n c e  b y  c r e a t -  
i n g  c r o s s t a l k  i n t e r f e r e n c e  between u n c o n n e c t e d  
c h a n n e l s  o f  t h e  sys tem.  B o t h  POC mode ls  p e r f o r m e d  
w e l l  i n  t h i s  a r e a ,  a c h i e v i n g  i s o l a t i o n  i n  excess  o f  
50 dB. 
The s w i t c h i n g  speed as measured a t  NASA L e w i s  
d e t e r m i n e d  t h e  t i m e  r e q u i r e d  fo r  a n  i n p u t  RF  s i g n a l  
t o  be s w i t c h e d  from one o u t p u t  p o r t  t o  a n o t h e r .  
T h i s  p a r a m e t e r  d e t e r m i n e s  t h e  maximum r e c o n f i g u r a -  
t i o n  r a t e  o f  t h e  m a t r i x  s w i t c h  and t h u s  d r i v e s  
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many o f  t h e  TDMA o p e r a t i n g  p a r a m e t e r s  o f  a sys tem 
e m p l o y i n g  a m a t r i x  s w i t c h .  Good p e r f o r m a n c e  was 
a c h i e v e d  by  b o t h  s w i t c h e s ,  w i t h  a 15 .6 -ns  a v e r a g e  
speed f o r  t h e  F o r d  s w i t c h  and a 32.2-ns a v e r a g e  
speed for  t h e  GE s w i t c h .  
i m o o r t a n t  c o n t r i b u t o r  to  d e g r a d a t i o n  of s i g n a l s  
t r a n s m i t t e d  t h r o u g h  a m a t r i x  s w i t c h  i s  t h e  f r e -  
quency r e s p o n s e .  A s  was d i s c u s s e d  i n  t h e  p r e v i o u s  
s e c t i o n ,  impedance m a t c h i n g  p rob lems  c o n t r i b u t e d  t o  
s i g n i f i c a n t  a m p l i t u d e  , r i pp le  f o r  b o t h  POC m o d e l s .  
I n - b a n d  r i p p l e  f o r  t h e  GE s w i t c h  a v e r a g e d  l e s s  
t h a n  h a l f  t h a t  for  t h e  F o r d  s w i t c h ,  a t  t h e  expense 
o f  r e d u c e d  b a n d w i d t h .  T a b l e  I shows an a v e r a g e  
i n - b a n d  r i p p l e  ( a s  measured a t  NASA L e w i s )  o f  
5.60 dB f o r  t h e  F o r d  m a t r i x  s w i t c h  and 2 . 2 3  dB fo r  
t h e  GE m a t r i x  s w i t c h .  F requency  r e s p o n s e  p l o t s  
for t y p i c a l  F o r d  and GE c r o s s p o i n t s  a r e  shown i n  
F i g .  6 .  The g e n e r a l  shape o f  t h e  GE s w i t c h  v a r i e d  
much l e s s  from c r o s s p o i n t  to  c r o s s p o i n t  t h a n  t h a t  
o f  t h e  F o r d  s w i t c h .  
The p a r a m e t e r  w h i c h  has p r o v e d  t o  be t h e  mos t  
D e s c r i p t i o n  o f  B i t -Er ro r  Ra te  Measurement  
A s a t e l l i t e  commun ica t i on  sys tem s i m u l a t o r  and 
t e s t  bed, as shown i n  F i g .  7 ,  has been d e v e l o p e d  a t  
NASA L e w i s .  T h i s  s i m u l a t o r ,  c o n s i s t i n g  o f  h a r d w a r e  
d e v e l o p e d  b o t h  i n -house  and u n d e r  c o n t r a c t ,  i s  used  
t o  p e r f o r m  a v a r i e t y  o f  CW and m o d u l a t e d  s i g n a l  
t r a n s m i s s i o n  t e s t s  and e x p e r i m e n t s  on c o m m u n i c a t i o n  
systems and sys tem components .4-6 
e s s e n t i a l l y  s i m u l a t e s  an end- to-end s a t e l l i t e  corn- 
m u n i c a t i o n s  l i n k  w i t h  two t r a n s p o n d e r  c h a n n e l s  and 
two g r o u n d  t e r m i n a l s  s w i t c h e d  t h r o u g h  an on -board  
m a t r i x  s w i t c h .  I n  t h e  s e r i e s  o f  t e s t s  d e s c r i b e d  
i n  t h i s  p a p e r ,  t h e  m a t r i x  s w i t c h  i s  t h e  component 
u n d e r  t e s t .  
U s i n g  o n l y  one o f  t h e  g r o u n d  t e r m i n a l s  i n  a 
l oop -back  mode, a m o d u l a t e d  or unmodu la ted  s i g n a l  
can be t r a n s m i t t e d  t h r o u g h  t h e  sys tem.  P e r f o r m a n c e  
o f  a p a r t i c u l a r  component can  be e v a l u a t e d  b y  
t r a n s m i t t i n g  s i g n a l s  f i rst t h r o u g h  t h e  sys tem w i t h  
t h e  component i n  p l a c e ,  and t h e n  w i t h  t h e  component 
bypassed .  A l t e r n a t i v e l y ,  t h e  p e r f o r m a n c e  o f  two 
components can be compared b y  d i r e c , t  s u b s t i t u t i o n  
i n t o  t h e  sys tem.  W i t h  two d i f f e r e n t  POC m a t r i x  
s w i t c h  mode ls  a v a i l a b l e  f o r  t e s t i n g ,  b o t h  methods 
o f  e v a l u a t i o n  can be u s e d .  
The sys tem 
The amount o f  d e g r a d a t i o n  i n t r o d u c e d  i n t o  t h e  
end- to -end  c o m m u n i c a t i o n  sys tem can be d e t e r m i n e d  
u s i n g  t h e  bypass  method.  
s w i t c h e s ,  an e q u i v a l e n t  amount o f  a t t e n u a t i o n  
( a b o u t  20 dB) i s  added i n  p l a c e  o f  t h e  s w i t c h e s  i n  
o r d e r  t o  m a i n t a i n  c o n s i s t e n t  power l e v e l s  t h r o u g h -  
o u t  t h e  sys tem and t h u s  p r o v i d e  a v a l i d  c o m p a r i s o n .  
I n  mak ing  a d i r e c t  compar i son  o f  t h e  p e r f o r m -  
ance o f  t h e  two s w i t c h e s ,  one d i f f e r e n c e  mus t  be 
c o n s i d e r e d .  A s  shown i n  T a b l e  I, t h e  s w i t c h e s  w e r e ,  
d e s i g n e d  to  o p e r a t e  i n  two d i f f e r e n t  f r e q u e n c y  
bands .  
o v e r  a s a t e l l i t e  I F  band o f  3.7 t o  6 . 2  GHz. T h i s  
r e s u l t s  from t h e  I F  o u t p u t  o f  t h e  s a t e l l i t e  low 
n o i s e  r e c e i v e r  ( i t s e l f  a POC d e v e l o p m e n t ) .  The 
F o r d  s w i t c h ,  w i t h  a d e s i g n  f r e q u e n c y  band o f  3.5 t o  
6.0 GHz. v e r y  n e a r l y  matches t h e  e n t i r e  s i m u l a t o r  
sys tem o p e r a t i n g  band.  T h i s  a l l o w e d  t e s t i n g  i n  
t h r e e  d i f f e r e n t  f r e q u e n c y  bands,  one a t  t h e  l o w e r  
end o f  t h e  band ( c e n t e r e d  a t  4 . 2 5  GHz), one n e a r  
t h e  c e n t e r  o f  t h e  band ( c e n t e r e d  a t  5 .0  GHz), and 
I n  t h e  case o f  t h e  m a t r i x  
The commun ica t i on  sys tem s i m u l a t o r  o p e r a t e s  
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one a t  t h e  upper  end o f  t h e  band ( c e n t e r e d  a t  
5 . 7 2 5  GHz). These t h r e e  bands have been d e s i g n a t e d  
as bands A .  B ,  and C ,  r e s p e c t i v e l y .  Due t o  t h e  
p r e s e n c e  o f  o t h e r  POC deve lopmen t  components i n  t h e  
sys tem,  t h e  o v e r a l l  f r e q u e n c y  r e s p o n s e  even w i t h o u t  
t h e  m a t r i x  s w i t c h  i s  f a r  from i d e a l ,  and :he s e l e c -  
t i o n  o f  t h e s e  t h r e e  t e s t  bands p r o v i d e s  v a r y i n g  
t r a n s m i s s i o n  c h a r a c t e r i s t i c s  a g a i n s t  w h i c h  :he 
m a t r i x  s w i t c h  t e s t  r e s u l t s  can be v i e w e d .  i n  gen- 
e r a l ,  band B,  n e a r  t h e  band c e n t e r  o f  a l l  t h e  m a j o r  
s y s t e m  componen ts ,  e x h i b i t s  t h e  b e s t  o v e r a l l  t r a n s -  
m i s s i o n  c h a r a c t e r i s t i c s  ( p a r t i c u l a r l y  i n  h a v i n g  t h e  
f l a t t e s t  f r e q u e n c y  r e s p o n s e ) ,  w h i l e  t h e  o t h e r  two 
bands e x h i b i t  v a r y i n g  degrees  of deg raded  t r a n s m i s -  
s i o n  c h a r a c t e r i s t i c s .  
The GE s w i t c h  o p e r a t e s  o v e r  a band o f  a p p r o x i -  
m a t e l y  6 t o  7 GHz. T h i s  o f f e r s  o n l y  a n a r r o w  band 
o v e r l a p p i n g  t h e  upper  end o f  t h e  s i m u l a t o r  sys tem 
b a n d w i d t h  and t h e  l o w e r  end o f  t h e  GE s w i t c h  band- 
w i d t h  i n  w h i c h  t e s t i n g  can t a k e  p l a c e ,  c e n t e r e d  a t  
6 .025 GHz. S i n c e  t h e  b a n d w i d t h  o f  t h e  GE s w i t c h  
v a r i e s  somewhat from c r o s s p o i n t  t o  c r o s s p o i n t ,  t h e  
12 c r o s s p o i n t s  w i t h  t h e  mos t  f r e q u e n c y  o v e r l a p  were 
s e l e c t e d  f o r  t h e s e  t e s t s .  Thus, t h e  GE t e s t  band 
does n o t  c o i n c i d e  w i t h  any  o f  t h e  F o r d  t e s t  bands.  
t h i s  p a p e r  was t a k e n  u s i n g  an au tomated  b i t - e r r o r  
r a t e  measurement  ~ y s t e m . ~  The m o d u l a t e d  s i g n a l  i s  
p r o d u c e d  f r o m  a s e r i a l  m i n i m u m - s h i f t - k e y e d  (SMSK)  
m o d u l a t o r  o p e r a t i n g  a t  220 Mbps. T h i s  s i g n a l ,  
encoded  w i t h  a pseudo-random d a t a  sequence,  i s  
t r a n s m i t t e d  w i t h  an o p e r a t i n g  b a n d w i d t h  o f  330 MHz. 
T h i s  b a n d w i d t h  ( e q u a l  t o  1 . 5  t i m e s  t h e  b i t  r a t e )  
r e p r e s e n t s  t h e  c e n t e r  l o b e  o f  t h e  SMSK m o d u l a t e d  
f r e q u e n c y  s p e c t r u m ,  and i s  adequa te  for  good d e t e c -  
t i o n  o f  t h e  SMSK s i g n a l .  A f t e r  t r a n s m i s s i o n  
t h r o u g h  t h e  sys tem,  w h i t e  n o i s e  i s  added t o  t h e  
s i g n a l  b e f o r e  b e i n g  demodu la ted .  A f t e r  t h e  s i g n a l  
i s  d e m o d u l a t e d ,  t h e  r e s u l t i n g  r e c e i v e d  b i t  s t r e a m  
i s  compared t o  a s t o r e d  r e p l i c a  o f  t h e  o r i g i n a l  
pseudo-random b i t  s t r e a m  and t h e  b i t - e r r o r  r a t e  i s  
c a l c u l a t e d .  The n o i s e  power i s  i n c r e m e n t e d  i n  1-dB 
s t e p  t o  p r o v i d e  a r a n g e  o f  e n e r g y - p e r - b i t  t o  n o i s e  
power d e n s i t y  r a t i o s  (Eb/N,) a t  t h e  d e m o d u l a t o r  
i n p u t  i n  o r d e r  t o  a l l o w  an e n t i r e  c u r v e  o f  b i t -  
e r r o r  r a t e s  as a f u n c t i o n  o f  Eb/No t o  be 
measured.  
The b i t - e r r o r  r a t e  (BER) d a t a  p r e s e n t e d  i n  
O f  s i g n i f i c a n c e  i n  t h e  p e r f o r m a n c e  o f  a s a t e l -  
l i t e  c o m m u n i c a t i o n  l i n k  i s  t h e  o p e r a t i n g  p o i n t s  o f  
t h e  v a r i o u s  a c t i v e  d e v i c e s  i n  t h e  sys tem,  p a r t i c u -  
l a r l y  t h e  s a t e l l i t e  h i g h  power o u t p u t  a m p l i f i e r  
( H P A ) .  Fo r  t h e s e  t e s t s ,  a l l  a c t i v e  d e v i c e s  were 
o p e r a t e d  l i n e a r l y  e x c e p t  t h e  HPA ( a  m u l t i p o w e r  mode 
TWT).7 T e s t s  were p e r f o r m e d  w i t h  t h e  TWT a t  t h r e e  
d i f f e r e n t  o p e r a t i n g  p o i n t s :  s a t u r a t i o n ,  1 dB com- 
p r e s s i o n  ( a p p r o x i m a t e l y  9 d8 i n p u t  b a c k o f f  from 
s a t u r a t i o n ) ,  and l i n e a r  ( a p p r o x i m a t e l y  18 dB i n p u t  
b a c k o f f  from s a t u r a t i o n ) .  
M a t r i x  S w i t c h  Bit-Error Ra te  Per fo rmance  
The m a t r i x  s w i t c h  was t e s t e d  i n  a s t a t i c  mode 
( n o  dynamic  s w i t c h i n g  d u r i n g  BER measurement)  u s i n g  
one s y s t e m  s i m u l a t o r  g round  t e r m i n a l  as d e s c r i b e d  
above .  F o r  t h e  F o r d  s w i t c h ,  17 c r o s s p o i n t s  were 
t e s t e d  w i t h  t h e  HPA i n  s a t u r a t i o n  and a t  1 dB com- 
p r e s s i o n  and f i v e  c r o s s p o i n t s  were t e s t e d  w i t h  t h e  
HPA i n  t h e  l i n e a r  r e g i o n .  Twelve GE s w i t c h  c r o s s -  
p o i n t s  were t e s t e d  a t  each o f  t h e  HPA o p e r a t i n g  
p o i n t s .  
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The t e s t  d a t a  i s  p r e s e n t e d  i n  T a b l e  11. BER 
measurement r e s u l t s  a r e  summar ized for t h e  GE 
s w i t c h  and fo r  each  o f  t h e  t h r e e  F o r d  s w i t c h  t e s t  
bands .  I n  a d d i t i o n ,  t h e  r e s u l t s  o f  a m p l i t u d e  r i p -  
p l e  measurements a r e  shown. 
i s  t h e  Eb/No r e q u i r e d  t o  m a i n t a i n  a BER o f  10-6. 
T h i s  p a r a m e t e r  i s  d e t e r m i n e d  from a measured BER 
c u r v e  by  l i n e a r  i n t e r p o l a t i o n  between d a t a  p o i n t s .  
For c o m p a r i s o n .  t h e  t h e o r e t i c a l  BER c u r v e  f o r  SMSK 
r e q u i r e s  an Eb/No of 1 0 . 5 1  dB a t  I n  a 
b a c k - t o - b a c k  m o d u l a t o r - d e m o d u l a t o r  t e s t ,  t h e  degra -  
d a t i o n  from t h e  t h e o r e t i c a l  c u r v e  i s  0 .9  dB. 
The p a r a m e t e r  g i v e n  fo r  t h e  BER t e s t  r e s u l t s  
The d a t a  i n  T a b l e  I 1  c l e a r l y  d e m o n s t r a t e s  t h e  
c o n t r i b u t i o n  t o  sys tem a m p l i t u d e  r i p p l e  and d a t a  
t r a n s m i s s i o n  q u a l i t y  d e g r a d a t i o n  o f  b o t h  s w i t c h e s .  
By c o m p a r i n g  t h e  mean v a l u e s  o f  t h e  a m p l i t u d e  r i p -  
p l e  w i t h  t h e  measurements made w i t h  t h e  m a t r i x  
s w i t c h  bypassed ,  t h e  aean c o n t r i b u t i o n  o f  t h e  
m a t r i x  s w i t c h e s  t o  t h e  o v e r a l l  a m p l i t u d e  r i p p l e  of 
t h e  s i m u l a t o r  syste.2 cari be seen for each f r e q u e n c y  
band and HPA c p e r a t r n g  p o i n t .  The c o n t r i b u t i o n  o f  
t h e  s w i t c h e s  :o t h e  d e g r a d a t i o n  o f  d a t a  t r a n s m i s -  
s i o n  q u a l i t y ,  as  measured by  t h e  Eb/No r e q u i r e d  
t o  m a i n t a i n  a BER o f  10-6 can  be s i m i l a r l y  
de t e r m i  ned .  
For b o t h  s w i t c h e s ,  o p e r a t i o n  o f  t h e  HPA i n  
s a t u r a t i o n  p r o v i d e d  a h a r d - l i m i t i n g  e f f e c t  w h i c h  
f l a t t e n e d  t h e  o v e r a l l  f r e q u e n c y  r e s p o n s e .  As t h e  
HPA was backed  o f f  to  t h e  1 dB c o m p r e s s i o n  p o i n t ,  
t h e  a m p l i t u d e  r i p p l e  i n c r e a s e d ,  and f u r t h e r  b a c k i n g  
o f f  to  t h e  l i n e a r  p o i n t  a l l o w e d  s t i l l  a f u r t h e r  
i n c r e a s e .  F i g u r e  8 g i v e s  a good example o f  t h i s  
b e h a v i o r  for one F o r d  c r o s s p o i n t  i n  f r e q u e n c y  
band C .  The BER d a t a  g e n e r a l l y  deg raded  as t h e  
a m p l i t u d e  r i p p l e  i n c r e a s e d .  Sample measured BER 
c u r v e s  a r e  shown i n  F i g .  8 f o r  b o t h  s w i t c h e s  show- 
i n g  t h e  d e g r a d a t i o n  o c c u r r i n g  as t h e  HPA i s  backed  
o f f .  F o r  t h e  F o r d  s w i t c h ,  t h e  r e s u l t s  f o r  t h e  l i n -  
e a r  HPA t e s t s  d e v i a t e  somewhat from t h i s  r e s u l t ,  
p o s s i b l y  due t o  t h e  r e l a t i v e l y  s m a l l  number of 
c r o s s p o i n t s  t e s t e d .  O v e r a l l ,  o p e r a t i n g  t h e  HPA i n  
s a t u r a t i o n  s i g n i f i c a n t l y  r e d u c e d  t h e  d a t a  t r a n s -  
m i s s i o n  d e g r a d a t i o n  a t t r i b u t a b l e  t o  t h e  m a t r i x  
s w i t c h e s .  
GE m a t r i x  s w i t c h e s ,  s e v e r a l  o t h e r  p o i n t s  can be 
made. F i r s t ,  t h e  Eb/No r e q u i r e d  t o  m a i n t a i n  a 
BER i s  a b o u t  t h e  same, o n  t h e  a v e r a g e ,  for  
b o t h  s w i t c h e s  when t h e  HPA i s  s a t u r a t e d .  The sys-  
tem p e r f o r m a n c e  d e t e r i o r a t e s  much more r a p i d l y  w i t h  
t h e  GE s w i t c h  t h a n  w i t h  t h e  F o r d  s w i t c h  as t h e  HPA 
i s  backed  o f f .  T h i s  i s  due p r i m a r i l y  t o  t h e  p l a c e -  
ment  o f  t h e  GE t e s t  band n e a r  t h e  sys tem component 
band edges ,  as d e s c r i b e d  e a r l i e r .  E v i d e n c e  o f  t h i s  
i s  t h e  i n c r e a s e  i n  a m p l i t u d e  r i p p l e  fo r  t h e  GE 
s w i t c h  as compared to  t h e  F o r d  s w i t c h  as  t h e  HPA i s  
backed  o f f .  The c o n t r i b u t i o n  t o  t h e  s y s t e m  a m p l i -  
t u d e  r i p p l e ,  however ,  i s  c o n s i d e r a b l y  s m a l l e r  f o r  
t h e  GE s w i t c h ,  as  w o u l d  be e x p e c t e d  c o n s i d e r i n g  t h e  
f l a t t e r  f r e q u e n c y  r e s p o n s e  o f  t h e  GE s w i t c h .  
p r e s e n t e d  i s  t h e  p e r f o r m a n c e  v a r i a t i o n  from cross- 
p o i n t  t o  c r o s s p o i n t .  The s t a n d a r d  d e v i a t i o n  o f  t h e  
Eb/No d a t a  and  t h e  a m p l i t u d e  r i p p l e  d a t a  shows 
t h a t  t h e  GI! s w i t c h ,  w i t h  i t s  much f l a t t e r  f r e q u e n c y  
r e s p o n s e ,  s i g n i f i c a n t l y  o u t p e r f o r m s  t h e  F o r d  s w i t c h  
i n  t h i s  c a t e g o r y .  The r a n g e  o f  h i g h e s t  t o  l o w e s t  
I n  c o m p a r i n g  t h e  p e r f o r m a n c e  o f  t h e  F o r d  and 
The c l e a r e s t  r e s u l t  t o  be seen from t h e  d a t a  
Eb/No a l s o  u n d e r s c o r e s  t h i s  p o i n t ,  and i s  
t r a t e d  b y  t h e  sample BER p l o t s  i n  F i g .  10. 
w i t h  t h e  HPA a t  s a t u r a t i o n ,  t h e  r a n g e  and 
d e v i a t i o n  fo r  t h e  F o r d  s w i t c h  were s e v e r a l  
h i g h e r  t h a n  fo r  t h e  GE s w i t c h .  These r e s u  
c a t e  t h e  r e l a t i v e  i m p o r t a n c e  o f  t h e  f r e q u e  
r e s p o n s e  i n  t h e  d e s i g n  of a m a t r i x  s w i t c h .  
C o n c l u s i o n s  
i l l u s -  
Even 
t a n d a r d  
t i m e s  
t s  i n d i -  
C Y  
I n  a s a t e l l i t e  c o m m u n i c a t i o n  sys tem e m p l o y i n g  
o n - b o a r d  s w i t c h i n g ,  a g r o u n d  t e r m i n a l  may be 
r e q u i r e d  to  r e c e i v e  t r a n s m i s s i o n s  t h r o u g h  a number 
o f  t h e  m a t r i x  s w i t c h  c r o s s p o i n t s .  G i v e n  t h e  
complex c i r c u i t r y  o f  a m a t r i x  s w i t c h ,  w h i c h  i n  t h e  
f u t u r e  w i l l  be r e q u i r e d  to  have  as many as 100 
i n p u t s  and  o u t p u t s ,  i t  i s  r e a s o n a b l e  to  e x p e c t  
l e s s  t h a n  i d e a l  t r a n s m i s s i o n  c h a r a c t e r i s t i c s ,  and 
c h a r a c t e r i s t i c s  t h a t  v a r y  from c r o s s p o i n t  to  
c r o s s p o i n t .  
The d a t a  p r e s e n t e d  i n d i c a t e s  t h a t  a l t h o u g h  a 
m a t r i x  s w i t c h  may meet  many d e s i r a b l e  s p e c i f i c a -  
t i o n s ,  such  as  s w i t c h i n g  speed and i s o l a t i o n .  t h e  
f o r w a r d  t r a n s m i s s i o n  c h a r a c t e r i s t i c s  o f  t h e  s w i t c h  
have a s i g n i f i c a n t  e f f e c t  o n  t h e  p e r f o r m a n c e  o f  t h e  
sys tem i n  w h i c h  i t  i s  emp loyed .  I n  p a r t i c u l a r ,  t h e  
f r e q u e n c y  r e s p o n s e  i n  t e r m s  o f  a m p l i t u d e  r i p p l e  and  
v a r i a t i o n  from c r o s s p o i n t  t o  c r o s s p o i n t  has a meas- 
u r a b l e  e f f e c t  o n  t h e  q u a l i t y  o f  d i g i t a l l y  m o d u l a t e d  
s i g n a l s  t r a n s m i t t e d  t h r o u g h  s u c h  a sys tem.  
The p r e s e n c e  of a h a r d  l i m i t e r  a f t e r  t h e  
s w i t c h  has been shown t o  g r e a t l y  r e d u c e  t h e  degrad -  
i n g  e f f e c t s  o f  t h e  a m p l i t u d e  r i p p l e  o f  t h e  m a t r i x  
s w i t c h .  O f  c o u r s e ,  a h a r d  l i m i t e r  may i n t r o d u c e  
i n t e r m o d u l a t i o n  d i s t o r t i o n  when s e v e r a l  f r e q u e n c y  
c h a n n e l s  a r e  s i m u l t a n e o u s l y  p r e s e n t .  B a c k i n g  o f f  
t h e  l i m i t e r  has t h e  e f f e c t  o f  g r e a t l y  i n c r e a s i n g  
t h e  d e g r a d a t i o n  caused  b y  t h e  m a t r i x  s w i t c h .  
The F o r d  and  GE POC m a t r i x  s w i t c h e s  demon- 
s t r a t e  t h e  b a n d w i d t h  v e r s u s  a m p l i t u d e  r i p p l e  t r a d e -  
o f f  w h i c h  o c c u r s  i n  s w i t c h  d e s i g n .  The BER d a t a  
p r e s e n t e d  shows how t h a t  t r a d e o f f  a f f e c t s  sys tem 
p e r f o r m a n c e .  I n  p a r t i c u l a r ,  t h e  BER p e r f o r m a n c e  
v a r i e s  g r e a t l y  f r o m  c r o s s p o i n t  t o  c r o s s p o i n t  as t h e  
a m p l i t u d e  r i p p l e  becomes s e v e r e .  The d a t a  from t h e  
GE s w i t c h  d e m o n s t r a t e s  t h a t  f o r  s w i t c h  a m p l i t u d e  
r i p p l e  a v e r a g i n g  2 . 2  dB, t h e  Eb/No r e q u i r e d  t o  
m a i n t a i n  a BER o f  10-6 v a r i e s  a b o u t  t0.6 dB, even  
w i t h  n o  l i m i t i n g  p r e s e n t .  This i n d i c a t e s  t h a t  2 dB 
m i g h t  be a r e a s o n a b l e  d e s i g n  g o a l  f o r  f u t u r e  m a t r i x  
s w i t c h  d e s i g n s .  
e f f o r t s ,  NASA L e w i s  has c o n t i n u e d  t o  sponsor  d e v e l -  
opment work  o n  s a t e l l i t e  m a t r i x  s w i t c h e s  i n  s u p p o r t  
of numerous f u t u r e  NASA s c i e n c e  p r o j e c t s  and  com- 
m e r c i a l  a p p l i c a t i o n s ,  p a r t i c u l a r l y  i n  t h e  MMIC 
a r e a ,  w h i c h  a r e  e x p e c t e d  t o  b r i n g  f u r t h e r  improve -  
men ts  i n  m a t r i x  s w i t c h  p e r f o r m a n c e .  
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FIGURE 2. - FORD POC MTRIX SWITCH. 
( A )  CROSSPOINT DISTRIBUTION. 
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(B) PHOTOGRAPH. 
FIGURE 3. - GE POC MATRIX SWITCH. 
7 





I I OADJUSTABLE GATE-1 BIAS 
(A)  BLOCK DIAGRAM OF FORD SWITCH/AMPLIFIER MODULE. 
( B )  PHOTOGRAPH OF FORD CROSSPOINT PAIR. 
FIGURE 4. - THE FORD CROSSPOINT DESIGIU. 
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FIGURE 6. - TYPICAL FRFQUENCY RESPONSE. 
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FIGURE 8. - SYSTEM FREQUENCY RESPONSE WITH THE FORD POC NATRIX SWITCH (CROSSPOINT 6-5)  
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(C) HPA AT 1 d B  CONPRESSION. (d )  HPA LINEAR. 
( a )  NATRIX SWITCH BYPASSED. HPA SATURATED. (b)  HPA SATURATED. 
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(B) GE CROSSPOINT 5-2. 
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